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Chapter 1  Introduction 
SiO2 layers grown by thermal oxidation of Si surfaces has played a key role in the gate stack of complementary 
metal-oxide-semiconductor (CMOS) devices. For the advanced CMOS devices with high-k materials such as HfO2, the SiO2 
interlayer between the high-k layer and Si substrate would be inevitable for suppressing the interfacial reactions to make the electric 
performance reliable. Therefore, it is of practical importance to clarify the mechanisms of the Si thermal oxidation process as well as 
the SiO2 decomposition mechanism in future as well as so far. 
To grow very thin SiO2 layers precisely, it is rigorously demanded to reduce O2 pressure and dilute O2 with rare gas or N2 as well as 
to lower oxidation temperature. Therefore, the surface oxidation reaction kinetics on Si(001) and Si(111) surfaces were firstly 
investigated as a function of temperature and PO2 to clarify the accumulation process of the oxidation-induced strain during surface 
oxidation. Based on the surface oxidation kinetics, the temperature and PO2 dependences of the interface oxidation rate were 
considered. Secondly, the long-term oxidation kinetics on Si(111) surfaces was investigated as a function of temperature to clarify the 
self-limiting and self-accelerating oxidation mechanisms. Furthermore, with scaling down below a few hundreds nm in a design rule, 
a rapid thermal oxidation (RTO) has been attracted much attention. This is because the overall thermal budget associated with the 
device fabrication processes should be reduced as small as possible to avoid the annealing-induced degradation of the impurity doping 
profile of CMOS devices. In the RTO process, a Si substrate experiences a thermal hysteresis with rapid temperature heating and 
cooling rates of 10 - 100℃/s, so that thermal stress is additionally caused, giving rise to the enhancement of the point defect generation. 
Thirdly the rapid thermal oxidation on Si(001) surfaces was investigated to clarify the thermal stress effect on the oxidation rate during 
the rapid heating and cooling. Fourthly, the thermal oxide decomposition kinetics on Si(001) and Si(111) surfaces were investigated to 
clarify the void nucleation and growth from a viewpoint of the decomposition-induced strain. Based on the above studies, the unified 
Si oxidation reaction model was verified and further extended. 
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Chapter 2  Temperature Dependence of Oxidation Reaction Kinetics on Si(111) Surfaces 
The saturation oxide thickness at the end of the surface oxidation increased with 
temperature, while the sticking probability of O2 molecule on Si(111)7×7 surfaces 
decreased with elevating temperature. From the experimental and theoretical 
considerations of Si oxidation states and oxygen adsorption configurations, the origins of 
the temperature dependence of the saturation oxide thickness were ascribed to the 
thermal excitation of the migration and dissociation of metastable O2 molecule on the 
surface, and the diffusion of adsorbed oxygen to the subsurface. A atomistic oxidation 
reaction model on Si(111)7×7 surfaces was proposed (Fig. 2.1). It was observed that the oxide growth rate at the start of the interfacial 
oxidation had a good linear correlation with the amount of strained Si atoms. This is clear evidence that the interfacial oxide growth is 
governed by the point defects generation due to the oxidation-induced strain. The self-limiting oxidation at the SiO2/Si(111) interface 
at 500℃ was also interpreted in terms of the amount of strained Si atoms. Those results indicate that the unified Si oxidation reaction 
model mediated by the point defects generation is valid during the long-term interfacial oxide growth.  
 
Chapter 3  O2 Pressure Dependence of Oxidation Reaction Kinetics on Si(111) Surfaces 
The initial oxygen uptake rate is a nonlinear function of 
PO2, n = 0.31±0.05 in a power law function of PO2
n
 in the 
PO2 range of 6.0 × 10
-6 
- 3.7 × 10
-3
 Pa. This indicates that 
the surface oxidation kinetics is not rate-limited by the O2 
supply. By comparing the O2 dosage dependences of the 
oxygen adsorption configurations and Si oxidation states 
observed by XPS and UPS with different surface 
sensitivities, it is suggested that with increasing PO2, the 
paul-ins, ad-ins, and ad-ins×2 adsorption configurations 
are temporarily increased on the topmost surface. Since the 
lifetime of the paul oxygen is as long as ~500 min even at RT, it is mentioned that the paul oxygen is responsible for the nonlinear PO2 
dependence of the initial oxygen uptake (Fig. 3.1). It was observed that ddox/dD is faster at PO2 of 3.5 × 10
-5
 Pa than at PO2 of 3.5 × 10
-4
 
Pa above ~1000 L. This is clear evidence that the oxide growth rate at the SiO2/Si(111) interface is not always accelerated but 
decelerated by increasing PO2. Based on a unified Si oxidation reaction model, in which point defects (emitted Si atoms and vacancies) 
caused by the oxidation-induced strain play a role of the preferential O2 adsorption sites at the SiO2/Si interface, the saturation of 
 
Fig. 2.1. (a) Conventional DOS model of Langmuir-type 
adsorption and (b) modified Langmuir-type adsorption model 
proposed in this study. 
 
Fig. 3.1 Oxygen adsorption reaction path model on the Si(111)7×7 surface for the oxidation at RT under 
low and high PO2. 
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ddox/dD observed at PO2 of 3.5 × 10
-5
 Pa is explained well by a gradual increase of the amount of Si
β
, and furthermore a linear decrease 
of ddox/dD above ~1000 L is in accordance with a gradual decrease of the amount of Si
β
 at PO2 of 3.5 × 10
-4
 Pa. Therefore, it is 
concluded that the oxide growth kinetics at the SiO2/Si(111) interface is not rate-limited by the O2 supply apparently but governed by 
the oxidation-induced strain. 
 
Chapter 4  Self-accelerating Oxidation Kinetics on Si(111) Surfaces at Room Temperature 
It was observed that the second-oxide-layer growth rate at room temperature was larger than that at 500℃ after a critical oxidation 
time. This indicates that the oxidation rate is significantly enhanced by the oxidation reaction itself with no increase of temperature and 
O2 pressure. This is the first finding of self-accelerating oxidation. The second-oxide-layer growth kinetics at 550℃ is interpreted well 
in terms of the magnitude of the oxidation-induced strain according to the unified Si oxidation reaction model, in which the point 
defects caused by the oxidation-induced strain act as the preferential sites for O2 adsorption at the SiO2/Si(111) interface. When the 
thermal excitation effect on the point defects generation is predominant, a small magnitude of the oxidation-induced strain is 
responsible for the large oxide growth rate. The self-accelerating oxidation kinetics at room temperature is described well by the 
changing rate of the oxidation-induced strain, dSO/dt, instead of the magnitude of SO. The reason is that the point defects generation is 
not caused by the accumulated SO due to insufficient thermal activation but by oxidation itself, which enhances SO. The enhanced SO 
makes it possible to further cause point defects, leading to a relaxation of SO. As a result of the competitive reactions between the 
enhancement and relaxation of SO, the point defects generation rate is governed by dSO/dt, which takes place locally at the 
SiO2/Si(111) interface. When the magnitude of SO becomes larger than a critical value, dSO/dt is responsible for the promotion of 
oxidation without thermal activation, giving rise to the self-accelerating oxidation. 
 
Chapter 5  Rapid Temperature Oxidation Kinetics on Si(001) Surfaces: 
Rapid Heating versus Rapid Cooling 
It was verified that the influence of the magnetic field due to a rapid change of Ta heater 
current in the Si 2p photoelectron intensity was eliminated by normalizing the Si 2p3/2 
components of the oxidized and strained Si atoms by that of the Si substrate, making it 
possible to clarify the Si oxidation reaction mechanism of the rapid temperature oxidation 
process by real-time XPS observations. It was observed by XPS that the SiO2 growth rate, 
RSiO2, was enhanced 7.7 times by raising temperature rapidly from 300℃ to 500℃ (Fig. 





SiO2 growth kinetics is governed by the point defects generation, which is predominantly 
 
Fig. 5.1 Time evolutions of (a) RSiO2, (b) ISiα/ISiB and 
ISiβ/ISiB, (c) ΔBB taken in situ during the rapid heating 
and subsequent cooling oxidations. 
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, SO, during the isothermal annealing at 500℃ as well as the 
transient annealing to 500℃. It was observed by XPS that the SiO2 growth rate was enhanced 5.0 times by cooling temperature 
rapidly from 500℃ to 70℃. The SiO2 oxide growth kinetics is interpreted well by extending the unified Si oxidation reaction model, 
where dRSiO2/dt is in proportion to dSO/dt. This implies that further oxidation is prone to occur around the place where oxides are 
newly grown at low temperature, leading to a roughening of the SiO2/Si interface morphology. Furthermore, it was observed that RSiO2 
is almost zero irrespective of the large magnitude of SO, when dSO/dt is almost zero. 
 
Chapter 6  Thermal Oxide Decomposition Kinetics on Si(001) and Si(111) Surfaces 








 were maintained almost unchanged during the void 
nucleation and growth. This indicates that the vacancies resulting from the point defect generation due to the oxidation-induced strain 





) increased in proportion to the decomposed oxide amount during the void nucleation. This was interpreted by using 
a proposed decomposition model, where there is an undershoot profile of the strain at the periphery of the accumulated void area and 
the magnitude of the undershoot strain increased in proportion to the vacancy amount. In the proposed model, the point defects 
generation (emitted Si atoms + vacancies) at the SiO2/Si interface plays a 
predominant role in the oxide decomposition, so that the SiO2/Si interface 
is roughened by the accumulation of vacancies, while the oxide is 
decomposed by the reaction with the emitted Si atoms. By using the 
equations derived from the model, the time evolutions of the interface 
roughness (the quantity of accumulated vacancies) and oxide amount (the 
quantity of desorbed SiO molecules) were fitted well for the void 
nucleation period. It was observed by UPS that the oxide decomposition 
rate was accelerated at oxide coverage below ~20% at the same time that 
the interface roughness was flattened significantly. The observations were 
interpreted well by taking into account that the Si adatom, migrating on the 
clean Si surface within the void, causes the oxide decomposition as well as 
the surface flattening concurrently at low oxide coverage (Fig. 6.1). It was observed by STM that the void contour changed from 
zigzag to four-fold symmetric with decreasing oxide coverage. The four-fold symmetric void is clear evidence that the oxide 
decomposition is caused by the Si adatom because of the anisotropic surface migration on the Si(001)2×1 surface.  
 
Fig. 6.1 Schematic reaction model of the oxide decomposition during the void 
nucleation (tN) and growth (tR) periods. The oxide decomposition process is 
further divided into Regions 1 and 2 at θcritical of ~30%. 
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